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The Use of Extra-Galactic Star Formation Tracers on
Star Forming Regions in the Milky Way
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Supervisor: Neal J. Evans II
We studied three groups of star forming clouds in the Milky Way: 5
clouds from Spitzer c2d Legacy survey, 10 clouds from Gould Belt survey, and
32 massive dense clumps. We determined the total diffuse 24µm emission
for each cloud and calculated the corresponding SFR using an extragalactic
relation. Then the resulting SFRs were compared with SFRs calculated using
the method of counting number of YSOs for c2d and Gould Belt clouds and
using LIR for massive dense clumps. The comparison shows quite a good
correlation for the massive dense clumps, which are high-mass star forming
regions, with the average ratio of SFR(LIR)/SFR(25µm) = 0.896 ± 0.663.
The result for low-mass star forming clouds (c2d and Gould Belt) shows very
little to no correlation between L24µm and SFR(YSO count). Comparing 24µm
images with extinction maps shows that a significant portion of 24µm emission
does not come from star-forming regions in the cloud.
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Chapter 1
Introduction
Star formation in galaxies is an important subject that has been stud-
ied by numerous surveys. It is evident from many studies that star formation
properties vary depending on types and other features of galaxies (Kennicutt
1998, Bigiel 2008, Gao 2004). Understanding star formation properties and
histories over different types of galaxies would help us in the study of galaxy
formation and evolution (Kennicutt 1998, Bigiel 2008). Since most galaxies
are too far away for individual star forming regions to be resolved, systematic
and reliable observational techniques for probing star formation properties are
needed. There are many different methods that have been used to estimate
star formation rate (SFR) in galaxies. Common tracers include continuum
UV emission, recombination lines of Hydrogen and other atomic species, to-
tal infrared luminosity, monochromatic infrared emission, and radio emission
(Kennicutt 1998, 2003; Evans 2003; Kinney 1993; Condon 1992). Each of
these tracers traces different component of the star forming regions. UV con-
tinuum emission in the wavelength range of 125-250 nm includes radiation from
high mass stars while hydrogen recombination lines such as H-α trace emis-
sion from HII regions surrounding high mass stars (Kennicutt 1998). Infrared
emission traces emission from dust grains that have been heated by stellar
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photons (Calzetti 2007, Evans 2003). Radio emission can be contributed by
synchrotron and free-free emission, which has been emitted by electrons in HII
regions (Condon 1992).
Many galaxy surveys used UV and optical lines as tracers of SFR (Be-
giel 2008, Kinney 1993). For star forming regions that are obscured by dust,
however, UV and optical lines are not effective tracers due to the fact that both
are heavily affected by dust-extinction (Calzetti 1994). As supplements to UV
and optical tracers, IR fluxes have been used to study SFR in regions that
are obscured by dust (Calzetti 2007). While hydrogen recombination lines
are supposed to trace the number of ionizing photons radiated from young
stars that have been reemitted by hydrogen in the HII regions, infrared dust
emission is supposed to trace the number of stellar photons that have been
absorbed by dust and reemitted in the infrared (Calzetti 2007, Evans 2003).
If all the photons inside star forming regions get absorbed by dust, then LIR
from dust should indirectly trace amount of photons from the stars. One im-
plication of using LIR to trace star formation is that sources other than young
stars could contribute to heating the dust. For some galaxies, a significant
amount of dust heating could come from older stellar populations (Kennicutt
1998, Draine 2007). In that case, LIR would trace emission that is not rel-
evant to the current star formation. Other than using LIR, monochromatic
IR emission can also be used. One particular tracer used for studying SFR in
HII regions for numerous galaxies is the 24µm continuum emission (Calzetti
2007, Wu 2005). One probable advantage of using 24µm instead of LIR as
2
a tracer is that emission in 24µm should come from warm dust. The diffuse
part of the interstellar medium that has been heated by average interstellar
radiation field should be at a comparatively low temperature and do not emit
much in the 24µm wavelength band compare to the emission from high mass
star forming regions. Stronger radiation field from high mass stars can heat
the dust to higher temperature; therefore, 24µm emission should be a good
tracer for high mass star forming regions with less contamination from non-
star-forming sources. There are several studies of how emission from non-star-
forming sources compare to emission relevant to star formation in the 24µm
wavelength (Rahman 2011, Verley 2008, Draine 2007). Draine et al. showed
from fitting dust-models to numbers of galaxies that for galaxies with high star
formation rates (starburst galaxies), the main contribution in 24µm emission
comes from photodissociation regions associated with high mass stars. For
high mass star forming regions, 24µm emission should be a good tracer of
SFR.
In order to test how well 24µm emission can trace SFR, another method
for tracing SFR is needed for comparison. The goal of our study is to compare
SFR calculated from 24µm -SFR relation with SFR calculated using a different
method for star forming clouds in the Milky Way. Our study includes both low
mass and high mass star forming regions. Since we can look at more details
of star forming regions in the Milky Way, testing extragalactic SFR relation
on nearby regions could provide us a better understanding of how well 24µm
can trace SFR and if the results are different for low mass and high mass star
3
forming regions.
In this study, we selected samples of molecular clouds in the Milky Way
to study the SFR calculated using 24µm flux. In section 2 we describe how the
SFR was calculated for a sample of nearby molecular clouds from the Spitzer
c2d (core to disk) Legacy project and from survey of Gould’s Belt clouds. In
section 3, we show the study of high mass star forming regions using samples
of massive, dense, clumps from Wu et al. (2010). The resulting comparison of
all the SFRs in this study is described in section 4. And the summary of this
study is described in section 5.
4
Chapter 2
24µm emission of low mass star forming clouds
The first two groups of molecular clouds we looked at were clouds from
the Spitzer c2d LEGACY project and Gould’s Belt survey. These clouds are
nearby, low mass star forming clouds. Spitzer c2d survey observed Chamaeleon
II, Serpens, Perseus, Ophiuchus, and Lupus I, III, and IV. They lie within 300
pc of the Sun. From the c2d LEGACY project, these clouds have been observed
in the IRAC bands (3.6, 4.5, 5.6, 8.0 µm ) and MIPS bands (24, 70, 160 µm)
(Evans et al. 2009). The second group of molecular clouds we studied was a
part of Spitzer Gould Belt cloud survey (Allen et al. in prep). The clouds we
studied consist of Auriga North, Auriga, Cepheus, Chamaeleon I, Chamaeleon
III, Corona Australis (CrA), IC5146, Lupus VI, Lupus V, Musca, and Scorpius.
They are parts of Gould Belt, a ring on the sky containing many star forming
regions. The survey observed these clouds in the same IRAC and MIPS bands
as the c2d survey. From the data on the fluxes, Young Stellar Objects (YSOs)
were identified in each cloud and categorized by their SED classes. The same
procedures for identifying YSOs and calculating SFR were performed on both
c2d and Gould’s Belt clouds. The details on identifying YSOs and calculating
SFR in these clouds can be found in Evans et al. 2009. There are a total
of 1024 YSOs combined for the five c2d clouds. Numbers of YSOs in each
5
individual cloud are listed in Table 1.
Our goal is to compare star formation rates (SFR) calculated using
24µm flux with SFR obtained using another method to see if the 24µm- SFR
relation work for low mass star forming clouds in the Milky Way. The SFR
we can use for comparison has been calculated in Evans et al. (2009) for the
c2d survey and Allen et al (in prep). SFRs for Gould’s Belt survey is also
available in Heiderman et al (2010). After identifying YSOs and their SED
classes, the SFR can be estimated by assuming an average mass of 0.5M
for each YSO and an average time for YSOs to go through SED class II of 2
Myr. The SFR can then be calculated by SFR = (Average mass)×(Number of
YSOs) / (lifetime of class II) (Evans et al. 2009). The estimated SFR for each
cloud are included in Table 1 with Perseus having the highest SFR followed
by Ophiuchus.
2.1 24µm emission from YSOs
We are interested in the 24µm flux data from the MIPS bands. The 24
µm images are available for all of the clouds observed. The flux for individual
YSO is also listed in the c2d data catalogue. We first extracted all the objects
labeled as YSOs along with their respective 24 µm fluxes. Then we summed
over the flux for all the YSOs in individual clouds. The resulting total YSO
fluxe for each cloud is shown in Table 2.1.
The 24 µm - SFR correlation for extragalactic star formation has been
derived in a number of studies (Calzetti 2007, Alonso-Herrero st al. 2006).
6
The calibration we used in this study came from the work of Calzetti et al.
(2007), which stated that the 24 µm luminosity traces SFR by
SFR(M yr−1) = 1.27× 10−38[L24µm(ergs s−1)]0.8850, (2.1)
where L24µm is the total 24µm luminosity times the frequency (νLν) (Calzetti
et al. 2007). The calculated SFRs for each cloud are as shown in Table 2.1.
A comparison between SFRs calculated from the 24µm YSOs flux
(SFR(YSO, 24 µm)) with SFRs from counting YSOs (SFR(YSO count)) indi-
cates that our calculated SFR(YSO, 24 µm) are much smaller than SFR(YSO
count) with the mean ratio SFR(YSO count)/SFR(YSO, 24µm) of 1867±1335.
2.2 24µm diffuse emission
Since the relation was derived for extra-galactic star formation, we
might expect the detected flux to be contributed from diffuse emission as
well as from point sources. Using only the flux from YSOs could omit a large
portion of the flux. For further analysis, the diffuse emission should also be
included in the SFR calculation.
The c2d and Gould’s Belt clouds survey include 24 µm MIPS images
for the full observed regions of each cloud. Our goal was first to obtain the
total flux for the whole region of the cloud as observed by MIPS 24 µm band.
The images for each cloud were analyzed to sum over all the pixel values of
the image. After obtaining the fluxes, the SFRs for each cloud were calculated
using the same 24µm-SFR relation shown in equation (2.1). The resulting flux
7
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for each cloud and the corresponding SFRs are shown in table 2.2. The ratios
of SFR/SFR(24,diffuse) are close to one with the mean of 2.11±2.00 for c2d
clouds and 1.224±1.264 for Gould’s Belt clouds. The median is 1.76±1.79 and
0.962±1.218 for c2d and Gould’s Belt clouds respectively.
From the preliminary calculations of the total diffuse flux , it is evi-
dent that the fluxes for all the clouds are significantly higher than the flux
from YSOs. The resulting SFR(24, diffuse)s are also much closer to the c2d
calculation than the SFR calculated from YSOs flux alone. There are some
uncertainties in the calculation. One source of uncertainty comes from the
uncertainties in the measured distance to the cloud. There is evidence that
each Lupus cloud maybe at a different distance (Evans et al. 2009). The dif-
fuse flux calculation of Ophiuchus cloud was obtained from a single, combined
image of the cloud (Ophiuchus and Ophiuchus North).
After the preliminary estimation of the total diffuse flux, more careful
calculations were performed on each cloud. To be able to compare SFR from
diffuse 24 µm emission with SFR from counting YSOs, the calculations have
to come from the same area of the clouds. MIPS 24 µm maps generally
cover much larger areas of the clouds than the areas used in classifying YSOs.
Boundaries for each clouds used in classifying YSOs were chosen using contours
from extinction maps. Therefore, we confined our areas of the clouds for
calculating diffuse emission to areas inside the same extinction contours used in
classifying YSOs. All clouds’ boundaries were chosen to be extinction contours
of AV = 2 except for Serpens with AV = 6 and Ophiuchus with AV = 3
9
(Evans 2007). The total flux used in calculating SFR should also be emission
only from the clouds themselves. MIPS images contain flux from the area
observed; the total flux includes emission from the cloud as well as extended
background emission. To only include flux from the clouds, we need to subtract
background emission from the images. Since these clouds are extended objects
with no distinct boundaries, background subtraction is not simple. There are
several ways to estimate background emission. First, off-cloud images, which
are images taken of the area of the sky near the clouds, can be used to estimate
the background level. There are off-cloud images only for three clouds: Lupus,
Ophiuchus, and Serpens. We calculated the average flux per pixel (Jy/pixel)
from these off cloud images for the three clouds for comparisons. Since we
defined boundaries for all the clouds using extinction countours, area of clouds
outside of the contours can be used as backgrounds. There were few problems
with this method of calculating background emission. One of the problem is
that not all the clouds have the same extinction contour levels as boundaries.
Extinction maps for Serpens and Ophiuchus do not cover down to AV =
2 level, which is why the contour levels chosen as boundaries for these two
clouds are different from the rest of the clouds. Using areas outside of contour
boundaries as background would then include up to different density levels for
different clouds. From looking at MIPS images, there are still some regions
with strong emission outside of the boundaries. Considering all area outside
of the boundaries as background could also overestimate background levels if
there is still some emission from the cloud within the area. The last method
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of estimating background level we considered was by averaging pixel values
from area of the images far from the clouds’ centers. We looked at each
cloud image and picked regions near the edge of the image that does not
seem to contain bright emission and averaged over those pixels to obtain the
background level. As long as the fluxes are averaged over large number of
pixels, this method should provide the most consistent background estimations
for all the clouds. We then used the background levels calculated by this
method for background subtraction. The total flux inside contour boundaries
minus the background flux (background flux = average background level per
pixel × number of pixels inside the boundary) gave actual flux from the clouds.
The background subtracted fluxes inside contour boundaries for each cloud are
shown in Table 2.2.
The values of fluxes after background subtraction show that there is
generally very little 24µm emission coming from the clouds themselves compare
to the background level. As a consequence, 24µm diffuse emission highly un-
derestimate SFR. Figure 2.1 shows the ratio of SFR(YSO count)/SFR(Diffuse,
24µm) versus SFR(YSO count). SFR(Diffuse, 24µm) are much smaller than
SFR(YSO count) with the average ratio of SFR(YSO count)/SFR(Diffuse,
24µm) of 203±215, and a median of 113. Figure 2.2 shows the SFR(Diffuse,
24µm) versus SFR(YSO count).
11
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Figure 2.1 Ratio of SFR(YSO count)/SFR(24 µm) over SFR(YSO count) for
c2d and Gould’s Belt survey. The plot shows the spread in the ratios with
average ratio of 203±215.
13
Figure 2.2 Comparison between SFR calculated using 24 µm and SFR from
counting YSO for c2d and Gould’s Belt survey.
2.3 Contributions from stellar continuum emission
In Calzetti et al. where the 24µm-SFR relation was derived, they stud-
ied dust emission at two MIR wavelengths of 8 and 24µm (2007). Since only
the dust emission is of interest, stellar continuum emission needed to be sub-
tracted from the flux. The stellar continuum subtraction was performed for
the 8µm emission. At 24µm however, contributions to the flux from stellar
continuum emission are considered to be negligible. Therefore; the relation was
derived without subtracting stellar continuum from the 24µm flux (Calzetti
14
et al. 2007). To see how much stellar continuum emission contributes to the
total flux, we calculated the total stellar flux for the c2d clouds. First, we
calculated the flux from all identified objects in the 24µm MIPS images. Then
the YSOs flux was subtracted from the all-object flux to get the non-YSO
object flux. The resulting flux should then come mostly from stellar contin-
uum. The results show that stellar continuum contributes little to the total
flux for some clouds while the number is more significant in other clouds. The
fraction of stellar flux to the total flux is 0.046, 0.81, 0.015, 0.22, 0.71 for the
Perseus, Chamaeleon II, Ophiuchus, Serpens, and Lupus clouds respectively.
The total flux, YSOs flux, and non-YSO object flux are presented in Table 2.3
for comparison.
Table 2.3 Comparison of diffuse, YSOs, and non-YSOs point sources flux.
Cloud Total (Jy) YSOs (Jy) Non-YSO Objects (Jy)
PER 2190 77.10 81.68
CHA II 47.3 7.93 17.92
OPH 8620 94.16 222.5
SER 204 56.70 47.52
LUP 147 9.45 109.7
15
Chapter 3
24µm emission of high mass star forming
regions
So far we have studied the 24µm emission from the nearby molecu-
lar clouds, which only contain low mass star forming regions. These nearby
clouds are good samples to study due to the fact that their distances are small
enough for us to be able to observe individual YSOs. However, for studying
24µm as an extra-galactic star formation tracer, high-mass star forming clouds
would be more relevant. High mass star forming regions have been observed
in many surveys using dense gas tracers and other signposts for high-mass
star formation. In this study we used the sample of high mass star forming
regions from Wu et al (2010). The sample is a subsample of a large survey
by Plume et al. of regions associated with water masers, which are indicators
of early phase of massive star formation (Wu et al. 2010). The high mass
star forming regions in this sample are massive, dense clumps with average
density of about 106 cm−3 and most masses between 100− 3000 M. Most of
these clumps have been observed in many molecular line transitions such as
CS lines (Plume et al. 1992, 1997; Shirley et al. 2003), HCN 3-2 and HCN
1-0 (Wu et al. 2010). Some of the clumps have also been observed in 350µm
dust continuum emission (Mueller et al. 2002).
16
3.1 IRAS 25µm emission and total infrared luminosity
LIR
Many of the clumps have been observed in the four IRAS bands at
wavelengths of 12, 25, 60, 100µm. The data for these clumps can be obtained
from IRAS point sources catalogs, which provide photometric data for each
IRAS band. The fluxes for the IRAS bands for these clumps are also included
in Mueller et al (2002). We used the data on 25µm flux as a substitute
for 24µm flux in calculating SFR using the same extragalactic 24µm - SFR
relation as the one we used for c2d and Gould Belt clouds. The distances of
these clumps are in the order of kpc. Since these clumps are further away
from us than the low mass star forming clouds, we cannot resolve the clumps
to observe YSO individually. Instead, the total infrared luminosity (8-1000
µm) was used to calculate the SFR for comparison with SFR calculated from
25µm flux. Therefore, the data set in this study includes a total of 32 clumps
for which 25µm flux and LIR data are available.
The total infrared luminosity was calculated using the four IRAS bands
as follow:
LIR = 0.56×D2 × (13.48× f12 + 5.16× f25 + 2.58× f60 + f100), (3.1)
where Fi is the flux in each IRAS band in units of Jy, D is the distance in
kpc, and LIR is in the units of L (Wu et al. 2010). SFRs can be calculated
from LIR using the extragalactic relation for starburst galaxies from Kennicutt
(1998):
SFR(Myear−1) = 4.5× 10−44LFIR(ergs−1), (3.2)
17
where LFIR is LIR (8-1000 µm). We calculated SFR using both methods and
present the result for all 32 clumps in Table 3.1. A plot of SFR(LIR)/SFR(24µm)
over SFR(LIR) for all the clumps are shown in Figure 3.1, and a plot of
SFR(24µm) versus SFR(LIR) is shown in Figure 3.2. The two SFRs are
comparable to each other with the average ratio of SFR(LIR)/SFR(25µm)
= 0.896±0.663. The median is 0.613±0.663.
Figure 3.1 Ratio of SFR(LIR)/SFR(24 µm) over SFR(LIR) for Massive dense
clumps. The plot shows the spread in the ratios with average ratio of
0.896±0.663.
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Figure 3.2 Comparison between SFR calculated using 25 µm and SFR from
total infrared luminosity .
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Chapter 4
Analysis
From the results for c2d and Gould’s Belt survey clouds, the SFRs from
24µm do not agree well with SFRs from YSO counts. The ratios of SFR(YSO
count)/SFR(Diffuse, 24µm) are shown in Figure 2.1. SFRs from YSO 24µm
flux are much smaller than SFR from YSO count by many orders of magnitude.
Even when we include the diffuse emission in our calculations of total 24µm
flux, there are still large discrepancies between SFRs calculated from the two
methods. The reason for the discrepancies can be seen from the diffuse flux
calculation. Most of the emission in the 24µm images is background emission,
which means that most of the emission detected did not come from within star
forming regions. The emission should be contributed by dust grains that have
been heated by interstellar radiation field. Comparing extinction contours
with the 24µm images shows that most of the extended 24µm emission does
not correspond to regions of high extinction. Since extinction maps trace
regions of star formation fairly well (see detail study in Heiderman 2010),
this result means that 24µm emission does not generally trace star forming
regions. Figure 4.1 shows the MIPS 24µm image of Ophiuchus cloud overlaid
with extinction contours of AV = 2, 6, and 10. Ophiuchus cloud is one of
the clouds with high diffuse flux compare to YSO flux and one where 24µm
21
emission has some correlation with extinction level. Lupus I cloud on the
contrary has a very low ratio of SFR(YSO)/SFR(24µm). The image of Lupus
cloud is shown in Figure 4.2 with overlaid extinction contours of AV = 2, 4,
and 6. For Lupus I, the 24µm emission does not correlate with extinction
level, and most of the diffuse flux is comparable to the background flux. The
results indicate that for these low-mass star forming regions, 24µm emission
does not trace SFR. Stronger stellar radiation field might be needed to heat
the dust high enough to emit significantly in the 24µm band.
As for the case of high mass star forming clumps, the SFR(24µm)s
agree well with SFR(LIR)s with the average ratio of SFR(LIR)/SFR(24µm)
= 0.896±0.663. The plot of the SFR ratios for all clumps is shown in Figure
3.1. There are some scatters in the data and the averaged SFR(24 µm) is
slightly less than the averaged SFR((LIR). Between the low mass and high
mass star forming regions we studied, 24µm emission from high mass star
forming regions seems to trace SFR fairly well while 24µm emission does not
trace SFR at all in low mass star forming regions. This result is to be expected
since the assumption in using 24µm as a SFR tracer is that the emission should
come mostly from dust that has been heated by photons from high mass stars.
Therefore, for low mass star forming regions, the heating of the dust from
YSOs is not high enough for the dust emission to be noticeably above the
background emission. We would then expect that 24µm would not trace SFR
in low mass star forming regions, which is what our results indicate.
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Figure 4.1 MIPS 24µm image of Ophiuchus cloud with overlaying of extinction
contour level of AV = 2, 6, and 10.
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Figure 4.2 MIPS 24µm image of Lupus I cloud with overlaying of extinction
contour level of AV = 2, 4, and 6
24
Chapter 5
Summary
We studied three groups of star forming clouds in the Milky Way: 5
clouds from Spitzer c2d Legacy survey, 10 clouds from Gould Belt survey, and
32 massive dense clumps. We determined the total diffuse 24µm emission for
each cloud and calculated the corresponding SFR using extragalactic relation
from Calzetti (2007). Then the resulting SFRs were compared with SFRs
calculated using the method of counting number of YSOs for c2d and Gould
Belt clouds and using LIR for massive dense clumps. The comparison shows
quite a good correlation for the massive dense clumps, which are high-mass
star forming regions, with the average ratio of SFR(LIR)/SFR(25µm) =
0.896 ± 0.663. The result for low-mass star forming clouds (c2d and Gould
Belt) shows very little to no correlation between L24µm and SFR(YSO count).
Comparing 24µm images with extinction maps shows that a significant portion
of 24µm emission does not come from star-forming regions in the cloud.
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